Microbial communities of two deep (1,270 and 316 m) alkaline (pH 9.94 and 8.05), anaerobic (E h , ؊137 and ؊27 mV) aquifers were characterized by rRNA-based analyses. Both aquifers, the Grande Ronde (GR) and Priest Rapids (PR) formations, are located within the Columbia River Basalt Group in south-central Washington, and sulfidogenesis and methanogenesis characterize the GR and PR formations, respectively. RNA was extracted from microorganisms collected from groundwater by ultrafiltration through hollow-fiber membranes and hybridized to taxon-specific oligonucleotide probes. Of the three domains, Bacteria dominated both communities, making up 92.0 and 64.4% of the total rRNA from the GR and PR formations, respectively. Eucarya comprised 5.7 and 14.4%, and Archaea comprised 1.8% and 2.5%, respectively. The gram-positive target group was found in both aquifers, 11.7% in GR and 7.6% in PR. Two probes were used to target sulfateand/or metal-reducing bacteria within the delta subclass of Proteobacteria. The Desulfobacter group was present (0.3%) only in the high-sulfate groundwater (GR). However, comparable hybridization to a probe selective for the desulfovibrios and some metal-reducing bacteria was found in both aquifers, 2.5 and 2.9% from the GR and PR formations, respectively. Selective PCR amplification and sequencing of the desulfovibrio/metal-reducing group revealed a predominance of desulfovibrios in both systems (17 of 20 clones), suggesting that their environmental distribution is not restricted by sulfate availability.
The existence of active microbial populations in the deep subsurface (hundreds to thousands of meters below the surface) has been recognized for several decades (35, 68) . Most of the early research focused on sulfur and oil deposits, generating little information on the microbiology of the deep subsurface environments that were relatively poor in potential electron donors (23, 24) . Only recently have more detailed studies of diverse deep subsurface environments been conducted in the United States (9, 15, 21, 25, 26, 38) , Germany (29) , and England (19, 61) . These studies demonstrated that microorganisms are present in geologically diverse subsurface environments and that their metabolic activities can influence regional groundwater chemistry (8, 43, 48, 59) . Microbial communities have been described in several deep, alkaline, anaerobic aquifers in the Columbia River Basalt Group (CRB) in south-central Washington State (58, 59) . Although the carbon and energy sources of microbial growth in these and other subsurface environments remain largely undefined, it is generally thought that most subsurface communities are ultimately dependent on photosynthetic energy, in the form of either organic carbon or dissolved oxygen as a metabolic terminal acceptor. Two distinct biogeochemical end members have been observed in some of the CRB aquifers. One end member includes deep groundwaters that are characterized by relatively high sulfate and sulfide concentrations and dissolved inorganic carbon that is depleted in 13 C, indicative of organic C oxidation by sulfate-reducing bacteria SRB (59) . Groundwaters representing the methanogenic end member are characterized by a relative depletion of dissolved inorganic carbon in combination with an enrichment in 13 C, an observation that is consistent with the preferential reduction of 12 CO 2 by autotrophic methanogens. The microbial populations in groundwater from these two end members, as determined by enrichment techniques, reflect the respective geochemical signatures (58, 59) . However, it has recently been proposed that geochemical energy also sustains the CRB microbiota and that they may be independent of photosynthetic primary production (58) . This hypothesis is consistent with both the microbiology and chemistry of the site. Hydrogen concentrations in CRB groundwaters as high as 60 M were reported, and laboratory experiments demonstrated that hydrogen gas is produced by reactions between freshly exposed basalt surfaces and anaerobic water. Chemoautotrophic microorganisms from these aquifers that could grow on hydrogen and carbon dioxide greatly outnumbered those that could grow on organic compounds (58) .
Despite considerable interest in the microbiology and biogeochemistry of deep subsurface environments, relatively little is known about the diversity of the indigenous microorganisms. Most of the available information is for pure cultures (6, 20, 22, 53) , even though culture-based methods can generally account for only a small fraction of the resident microbiota (33) . As a complement to more traditional methods, the characterization of population-specific biomarkers (e.g., nucleic acid sequences and membrane lipids) recovered directly from environmental samples is serving to better define the population structure of deep subsurface microbial communities (20, 22, 44, 47) . In this study, we evaluated the abundance and diversity of the active microbial populations in deep, alkaline aquifers by using taxon-specific oligonucleotide probes targeted against extracted rRNA. Although the rRNA content is known to vary among cell types depending on the growth rate and starvation conditions (18, 32) , we suggest that it serves for the semiquantitative assessment of the more active component of a microbial community (49, 50) . As a complement to this analysis, extracted DNA was used as a PCR template to amplify, clone, and sequence 16S bacterial rRNA genes from populations comprising selected probe-target groups.
Our observations indicate that while the microbial communities in the two aquifers have some common features, there are distinct differences that are consistent with the geochemical environment. Although the Bacteria dominated in both, the two systems differed in representation by Eucarya, Archaea, and gram-positive organisms. Surprisingly, although the probetarget group composed of gram-negative sulfate-reducing bacteria (SRB) that characteristically completely oxidize their carbon substrates was present only in the aquifer with the highest sulfate concentration (Grande Ronde [GR]), comparable hybridization to a probe for the desulfovibrios and some metalreducing bacteria was found in both aquifers. The presence of desulfovibrio-like populations in both aquifers was confirmed by selective PCR amplification, cloning, and sequencing of the probe-target assemblage. This suggests that the environmental distribution of Desulfovibrio species is not restricted by sulfate availability.
MATERIALS AND METHODS
Site description. The study site was located in south-central Washington State within the CRB. The CRB, covering an area of approximately 200,000 km 2 in the northwestern United States, consists of Miocene Tholeiitic flood basalt flows of up to 6 km (20 to 150 m thick) interspersed with sedimentary interbeds (0.3 to 25 m thick) overlain by 60-to 250-m thick alluvial and loess sediments. These basalt flows can act as confining layers which isolate individual aquifers. The temperature and pH within these confined aquifers increase with depth throughout the site, and the groundwater is anaerobic. The geochemistry of the CRB is well characterized as a result of previous evaluation for use as a long-term storage site for high-level radioactive waste (28, 62) . Interest in the microbiology and geochemistry of these aquifers has also been generated by concern about potential contamination from the overlying unconfined aquifer on the Hanford Site and by recent observations that these aquifers harbor a novel subsurface microbial ecosystem that is based on geochemically produced H 2 (58) . The two deep, confined aquifers that were selected for study are within the GR (1,270 m deep) and the Priest Rapids (PR) (316 m deep) formations. Previous studies of groundwater from these two aquifers indicated that sulfidogenesis and methanogenesis were the principal respiratory processes in the GR and PR formations, respectively (59) .
Sampling. Groundwater samples were collected from two different artesian wells on the Hanford Site. One well (designated DC-06), in the GR formation, was screened at a depth of 1,270 m, and the other well (designated DB-11), in the PR formation, was screened at 316 m (59). Before sampling, water was purged from each well for a minimum of 1 well volume (ca. 3,471 liters for DC-06 and 1,134 liters for DB-11) and until the temperature, pH, and E h (measured in the field through an in-line flow cell) had stabilized. Additional physical and chemical characteristics were measured during sampling and/or obtained from previous measurements.
To obtain sufficient biomass for nucleic acid extractions, the cells were concentrated to a volume of approximately 50 liters by ultrafiltration (DC30P; Amicon Corp., Danvers, Mass.) with 100,000-molecular-weight-cutoff hollowfiber filters. The volumes of groundwater filtered from each well were 2,118 liters for GR (DC-06) and 6,000 liters for PR (DB-11). A small-capacity hollow-fiber ultrafiltration unit (DC10L; Amicon) was then used to further reduce the volume to 0.5 to 1.0 liter. Aliquots of the retentate were immediately frozen on site with dry ice or filtered through sterile 142-mm-diameter, 0.2-mm-pore-size filters (Durapore; Millipore Corp., Bedford, Mass.) by pressure filtration. The filters were frozen immediately in the field on dry ice, transported back to the laboratory, and maintained at Ϫ80ЊC until processed. Cleaning and disinfection of both Amicon units were carried out by procedures recommended by the manufacturer (4). Recirculation of 0.1% (wt/vol) sodium dodecyl sulfate was followed by rinsing with deionized water until all traces of foam were removed. Sodium hypochlorite (200 mg liter Ϫ1 ) was recirculated through the pump and filter for 10 min. This solution was then diluted to 100 mg liter Ϫ1 and remained in contact with the filter during storage. The sodium hypochlorite was removed before the next collection by rinsing thoroughly with deionized water.
Extraction and analysis of RNA. A modification of the method of Stahl et al. (57) was used (37) to extract rRNA from the aquifer concentrates or filters by mechanical disruption in conical screw-cap polypropylene vials (Sarstedt, Inc., Newton, N.C.) on a reciprocating shaker (Mini-Beadbeater; Biospec Products, Bartlesville, Okla.) with zirconium-silica beads (0.1 mm in diameter). Concentrated biomass was processed in ca. 500-l aliquots, and frozen filters were broken into small pieces (Ͻ5 mm 2 ) with a baked glass rod. Immediately before extraction, the samples were thawed in the vials containing the phenol-low-pH buffer-sodium dodecyl sulfate mixture. The integrity and approximate yield of the rRNA were examined by denaturing polyacrylamide gel electrophoresis (54) .
RNA was denatured and immobilized on 0.45-mm nylon membranes (Magna Charge; MSI Inc., Westborough, Mass.) with a Minifold II Slot Blot System (Schleicher & Schuell, Keene, N.H.) as previously described (51) . A reference series of known concentrations of RNA (from 20 to 0.16 ng) was applied to each membrane together with the groundwater RNA samples. rRNA from Escherichia coli, Bacillus subtilis, Desulfobotulus sapovorans, Desulfovibrio desulfuricans, Dictyostelium discoideum, and Methanosarcina acetovorans was used as a reference.
Probes used in this study comprised a universal probe (67) and domain-specific probes (66) for Bacteria, Archaea, and Eucarya (2, 3, 51). More specific probes were used to quantify gram-positive bacteria (S-P-Grps-1200-a-A-13) (41) and SRB within the delta subclass of Proteobacteria, the complete substrate oxidation group (S-*-0804-a-A-18), and the desulfovibrio/metal-reducing group (S-F-Dsv-0687-a-A-16) (12). The latter probe targets most members of the Desulfovibrionaceae and some members of the Geobacteraceae (39) . The final wash temperature corresponded to the temperature of dissociation (T d ) previously determined for each probe (2, 3, 12, 41, 51) , with the exception of the all-organism (universal) probe (S-*-Univ-1390-a-A-18), for which a 44ЊC wash temperature was shown to provide more uniform quantification of rRNAs derived from different members of the three domains (67) . The total rRNA abundance was assumed to be the total obtained with the universal probe (67) .
Extraction of DNA, amplification, and cloning. High-molecular-weight DNA (14,000 to 23,000) was isolated by the method of Boom et al. (5) . Frozen samples were divided into fourths (one-fourth of a 142-mm filter, or ca. 0.5 ml of concentrate) and processed in 1.5-ml centrifuge tubes. Oligonucleotide primers targeting the rDNA of Bacteria (S-D-Bact-0011-a-S-17 [31] and S-D-Bact-1512-a-A-16 [this study]) and the desulfovibrio/metal-reducing group were used for PCR ( Table 1 ). The primer pair designated S-Sc-Delta-0401-a-S-20 and S-*-Dsv-0683-a-A-22 was used to amplify ribosomal DNA from sulfate-and possible metal-reducing bacteria within the delta subclass of Proteobacteria. This region of the ribosomal DNA (ca. 300 nucleotides) demonstrates sequence conservation generally representative of the molecule. Reaction mixtures were in a total volume of 50 ml and contained 2 mM MgCl 2 , 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 0.2 mM deoxynucleoside triphosphates, 0.5 U of Taq DNA polymerase (Pharmacia Biotech Inc., Piscataway, N.J.), DNA template at 0.04 to 0.4 ng/ml, and 10 pmol each of both primers. Thermal cycling was carried out with a thermal cycler (Idaho Technology, Idaho Falls, Id.) as follows: an initial denaturation at 94ЊC for 30 s followed by 30 cycles of denaturation at 92ЊC for 15 s, annealing at a predetermined annealing temperature (50ЊC for the primers targeting Bacteria and 60ЊC for the primers targeting the desulfovibrio/metalreducing group) for 15 s, and elongation at 72ЊC for 30 s. Positive controls containing purified DNA (10 ng) from E. coli or D. desulfuricans were included in all sets of amplifications along with negative controls (no DNA added). The presence, size, and estimated concentration of amplification products were determined by agarose (0.8%) gel electrophoresis of 10% of the reaction product (5 ml) in 1ϫ Tris-borate-EDTA (TBE)-0.5 mg of ethidium bromide per ml, together with molecular weight markers. The amplified products were ligated directly into the cloning vector, pCRII (Invitrogen Corp., San Diego, Calif.), with the Original TA cloning kit (Invitrogen Corp.).
Sequencing and sequence analysis. Nucleotide sequences were determined by the dideoxynucleotide method (55) by cycle sequencing of purified plasmid preparations (Qiagen, Inc., Chatsworth, Calif.) with a Sequitherm sequencing kit (EpiCenter Technologies, Madison, Wis.) and an infrared automated DNA sequencer (Li-Cor, Inc., Lincoln, Nebr.) under the conditions recommended by the manufacturers. Labeled M13 universal forward and reverse dye-labeled sequencing primers (Li-Cor) were used. The new 16S rRNA partial sequences were aligned with the alignment tool of the ARB program package (60) . Alignments were refined by visual inspection. Percent similarities were determined with the neighbour-joining tool of the ARB program package. Nucleotide positions for which any sequence had an ambiguous or undetermined base were eliminated from the calculations. Phylogenetic analyses were performed by applying distance matrix (16, 17, 60) and maximum-likelihood (fast DNAml [42] ) methods to different data sets.
Nucleotide sequence accession numbers. The sequences have been deposited in GenBank under accession numbers U59765 to U59784.
RESULTS
Site characteristics. The physical and chemical properties of the GR and PR formations are shown in Table 2 . The groundwaters associated with both formations were anoxic and alkaline, although the pH of the GR groundwater was approxi-mately 2 units higher than that of the PR water. The GR groundwater also had higher concentrations of total dissolved solids, as evidenced by the higher concentrations of Cl Ϫ , Na ϩ , and other ions. Both sulfate and sulfide were present at relatively high concentrations in the GR groundwater but were both below detection levels in the PR groundwater. Ferrous iron was present in the PR groundwater but was below detection levels in the GR water. The high concentrations of sulfide present in the GR groundwater would complex any Fe(II) present as ferrous sulfides. Previous analyses (58) indicated that the methane concentrations in these waters were 209 ϫ 10 Ϫ6 and 2 ϫ 10 Ϫ6 M for the PR and GR waters, respectively. In summary, the geochemical analyses, in conjunction with previous characterization efforts (58, 59) , suggest that sulfate reduction is the predominant respiratory pathway for microorganisms in the GR groundwater while CO 2 reduction is the dominant respiratory pathway in the PR groundwater. These results should be considered indicative of these processes and do not preclude other forms of anaerobic metabolism such as dissimilatory Fe reduction and acetogenesis.
Total microorganisms in the groundwaters were previously enumerated by acridine orange direct microscopic counts (59) . The concentration of microorganisms in the GR aquifer was (7.6 Ϯ 1.4) ϫ 10 5 organisms/ml, and that in the PR aquifer was (3.6 Ϯ 1.4) ϫ 10 3 organisms/ml, given as mean Ϯ standard deviation (59) .
Quantification of major taxa. The recovery of intact highmolecular-weight rRNA (both large and small subunit) was demonstrated by polyacrylamide gel electrophoresis of nucleic acid recovered from both aquifers (Fig. 1) . The amount of rRNA recovered, as estimated from hybridization of the universal probe, was approximately 40.7 and 9.5 ng/liter from the GR and PR samples, respectively. We attribute the lower recovery of RNA from the GR sample, relative to direct counts (above), to the higher concentration of total dissolved solids in the GR groundwater and a higher in situ temperature. A min- All organisms GACGGGCGGTGTGTACAA 1671 1407RL S-P-Grps-1200-a-A- 13 Gram 1 . Polyacrylamide gel of nucleic acids extracted from biomass collected from the GR and PR aquifers. Lanes 1 and 6 are replicate markers containing a mixture of nucleic acid isolated from pure cultures of E. coli and Saccharomyces cerevisiae. The upper and lower unlabelled bands in lanes 1 and 6 correspond to the 28S and 18S rRNAs, respectively. Lanes 2 and 4 contain nucleic acid isolated (independent extractions) from the GR aquifer (DC-06; 1,270 m), and lanes 3 and 5 contain nucleic acid isolated (independent extractions) from the PR aquifer (DB-11; 316 m). eral precipitate formed during the ultrafiltration of the GR sample, probably due to oxidation and cooling during concentration, which probably interfered with nucleic acid recovery. The percentages of total rRNA corresponding to the various probe target groups in the RNA extracted from the GR and PR samples are shown in Table 3 . Of the three domains (Bacteria, Archaea, and Eucarya), Bacteria was the most dominant in groundwaters from both formations (92% and 64.4% from the GR and PR formations, respectively). Archaea was the least abundant, although a slightly greater proportion of this group was observed in groundwater from the PR (methanogenic) (2.5%) than in groundwater from the GR (1.8%). Members of the Eucarya were detected in both wells and comprised 5.7 and 14.4% of the total rRNA in the GR and PR formations, respectively. Most of the rRNA quantified with the universal probe was accounted for by the three domain probes. The sum of the domain probes for the GR and PR groundwaters was 99.5% and 81.3%, respectively. Two probes were used to target SRB in the delta subclass of the Proteobacteria, S-FDsv-0687-a-A-16 and S-*-804-a-A-18. The S-F-Dsv-0687-a-A-16 target group comprised 2.5% of the GR and 2.9% of the PR rRNA, whereas the S-*-804-a-A-18 target group was observed at low levels (0.3%) only in water from GR (sulfidogenic). No signal was detected in RNA extracted from the PR sample with this probe. The gram-positive probe target group comprised 11.7% of the nucleic acid extracted from the GR sample and 7.6% of that from the PR sample. As percentages of bacterial RNA, the gram-positive populations represented 12.7 and 11.8% of the bacterial population in the GR and PR samples, respectively.
Phylogenetic analyses of the probe S-F-Dsv-0687-a-A-16 target group. Although high-molecular-weight DNA was recovered from both aquifer samples, no amplification products were observed following PCR with the S-Sc-Delta-0401-a-S-20 and S-*-Dsv-0683-a-A-22 primer pair. In contrast, amplification products of the predicted size were detectable following amplification with the bacterium-specific primer pair S-DBact-0011-a-S-17 and S-D-Bact-1512-a-A-16. These amplification products were then used as the template for a second amplification with the primer set specific for the desulfovibrio/ metal-reducing group. The PCR products derived from this serial amplification were subsequently cloned and sequenced. Of 20 clones characterized (10 from each aquifer), 17 were most closely related to Desulfovibrio sp. strain PT-2 and D. longreachii (97.5 to 98.9% similarity between recovered sequences over 255 nucleotides). Sequence relationships among the desulfovibrio-like clones ranged between 97.7 and 100% similarity. Clones DB7 and DC3D were identical, and clones DB4.1, DB4H, and DB4C were identical, considering only unambiguous positions. There was no apparent clustering of related sequences with either aquifer. Two clones from the PR aquifer showed highest similarity to the benzoate-oxidizing syntrophic bacterium Syntrophus gentianae (90.6 and 91.3%), while one from the GR aquifer was most closely related to Desulfuromonas acetexigens (96.0%), a member of the Geobacteraceae. Phylogenetic affiliations of the 20 clones within the delta subclass of the Proteobacteria are shown in Fig. 2 .
DISCUSSION
The abundance and diversity of subsurface microorganisms may differ between groundwater-and sediment-associated populations within the same formation (27, 30) . Also, it is generally believed that the most representative subsurface samples include solids. However, sampling of the subsurface, particularly in basaltic aquifers, where much of the water flow is through fractures, vesicles, and interbed sediments, is technically challenging. Although, we have restricted our analyses to groundwater, previous research has demonstrated that the microbiological properties of CRB groundwaters reflected the geochemistry (58, 59) . This indicates that groundwater from wells can provide representative samples for analyses of select microbiological properties of the deep subsurface. Thus, the molecular data presented here should provide an explicit reference to further evaluate community structure associated with different regions in the subsurface.
Hybridization of RNA extracted from the two CRB aquifers revealed distinct differences in microbial population structure. Although the domain Bacteria dominated, members of the Eucarya were also abundant and exceeded the number of members of the Archaea in both. A slightly greater abundance of Archaea was observed in samples from PR than from the sulfidogenic GR samples. Since previous enrichment studies demonstrated the presence of organisms with methanogenic metabolism (58, 59) , the archaeal signal is most probably attributable to methanogens and is comparable to values observed for other anaerobic environments deficient in electron acceptors other than carbonate (ca. 1 to 5% of the total a Relative abundance as a percentage of universal probe hybridization of target groups in two aquifers, GR (sulfidogenic) and PR (methanogenic), inferred by oligonucleotide probe hybridization to total RNA extracted from the two sampling wells DC-06 and DB-11. Values are the mean and standard deviation of triplicate hybridization experiments for each sample.
b Desulfovibrio plus Desulfuromonas acetoxidans and certain species of Geobacter, Pelobacter, and Desulfuromusa. c BDL, below detection limit.
rRNA). For example, values between 2 and 3% were observed in the rumens of various herbivores (36) . The relative abundance of members of the Archaea in the methanogenic well DB-11 (ca. 2.5%) is well within this range. Although methanogens have been observed in many sulfidogenic habitats, the archaeal signal originating from the sulfidogenic well (DC-06) could also derive from fermentative and/or respiratory organisms, including those with the capacity for dissimilatory sulfate reduction (45) . The homoacetogens are another group of hydrogen-consuming organisms known to contribute to the microbiota of these aquifers. Stevens and McKinley (58) reported that culturable homoacetogenic bacteria in the methanogenic groundwater from the PR aquifer (DB-11) were approximately 100-fold more abundant than culturable methanogens. They also observed that populations of fermentative and homoacetogenic bacteria were at least as large as those of SRB in groundwater from the GR aquifer (DC-06). Since most known homoacetogens are affiliated with the gram-positive lineage, the relatively large fraction of rRNA hybridizing to the grampositive probe is also consistent with their presence. Although the acetogenic reduction of CO 2 releases less energy than methanogenesis, homoacetogens may be more competitive in the CRB aquifers due to the high H 2 availability (0.02 to 100 M), which is believed to be the result of abiotic reactions (58) , and to their greater versatility. In addition, most homoacetogenic bacteria have the capacity to use a variety of substrates, including one-carbon compounds, methoxylated aromatic compounds, and alcohols (13). However, a tremendous variety of alternative physiological types may also contribute to the gram-positive probe-target group. For example, this target group comprised a greater fraction of the total rRNA recovered from the sulfidogenic well and may in part reflect the presence of gram-positive SRB (e.g., Desulfotomaculum species).
In addition to the possible contribution by gram-positive SRB, this study used two more specific probes targeting phylogenetic groups of gram-negative SRB within the delta subclass of Proteobacteria (11, 12) . The S-*-Dsb-0804-a-A-18 probe targets four of seven natural groups, including Desulfobacter and Desulfobacterium species, Desulfococcus multivorans, Desulfosarcina variabilis, and "Desulfobotulus" sapovorans. The S-F-Dsv-0687-a-A-16 probe targets most members of the Desulfovibrionaceae and certain members of the Geobacteraceae (12, 37) . The S-*-Dsb-804-a-A-18 target group (12) was detected only in groundwater from the GR, which also contained high sulfate concentrations (approximately 1.7 mM). However, the probe selective for the desulfovibrio/metal-reducing bacteria hybridized to a comparable fraction of rRNA extracted from both aquifer samples (2.5 and 2.6% of total RNA in groundwater from GR and PR, respectively). This raised the question of the relative contribution of metal and sulfate-reducing populations to this hybridization signal in each aquifer. The phylogeny of organisms contributing to the desulfovibrio/metal-reducing group was determined by recovery of partial rDNA sequences with a PCR primer set selective for the delta subclass of Proteobacteria and the desulfovibrio/metalreducing probe sequences. Of 20 sequences determined, 17 desulfovibrio-like sequences were recovered with these primers. This suggests that these are the predominant probe target group in both systems and are active (as supported by significant hybridization to target rRNA) even when sulfate concentrations are very low, possibly by syntrophic association with hydrogen-consuming methanogens (7, 14) or dissimilatory reduction of Fe(III). The presence of SRB in sulfate-depleted environments has been reported (50, 64) , and some sulfatereducing bacteria, including Desulfovibrio, have been implicated in the oxidation of hydrogen and organic matter coupled to the reduction of Fe(III) (10, 40) . Culturable dissimilatory Fe(III)-reducing bacteria and SRB have been detected in groundwater from both the GR and PR formations (58), sup- porting earlier observations these organisms are active in situ and have a significant impact on ground water geochemistry within the CRB aquifers.
The closest known relatives to most of the sequences recovered from the two wells are two Desulfovibrio species (Fig. 2) . One was isolated from a bioreactor inoculated from a groundwater source (Desulfovibrio sp. strain PT2 [31] ), and the second was isolated from an Australian free-flowing artesian well (D. longreachii [52] ). A recent study of attached and unattached bacteria in nine boreholes in Sweden with somewhat similar hydrogeochemistry also revealed the presence of desulfovibriolike 16S rDNA clones at depths greater than 100 m (46) . These investigators previously identified clone sequences related to Desulfosarcina species in boreholes at Oklo in Gabon, Africa, but extensive comparisons between this site and the CRB are not warranted because the sites represent very different hydrogeochemical environments.
These data, in aggregate, suggest that desulfovibrio-like organisms are widely distributed in the subsurface. In this regard, it should be noted that hydrogen is an important electron donor for virtually all members of the genus Desulfovibrio (11, 65) . A possible geochemical source of hydrogen in the CRB is the dissolution of ferrosilicate minerals such as olivine and pyroxene. Dissolution has been suggested to contribute to hydrogen evolution and magnetite (Fe 3 O 4 ) precipitation (34) . Although the basis for their persistence in methanogenic systems has yet to be established, it could reflect syntrophic associations with hydrogen-consuming populations (7) or the use of an alternative electron acceptor, such as iron (10, 40) .
The detection of significant eucaryotic rRNA in the CRB samples was unexpected, particularly in the PR samples, where they contribute Ͼ14% of the signal from the universal probe. The source of eucaryotic biomass in the CRB samples is currently unknown. However, Sinclair and Ghiorse (56) detected fungi and protozoa in samples collected from depths as great as 250 m beneath the U.S. southeast coastal plain. Protozoa and fungi have also been detected in relatively shallow subsurface sediments in many different regions (23) . The study of Swedish boreholes cited above reported the recovery of rRNA sequences related to Saccharomyces cerevisiae (46) . Groundwater in the PR aquifer is considerably younger that in the GR aquifer, and hence recharge from the surface occurs more rapidly. Therefore, the eucaryotic signal may be due to allochthonous microeukaryotes associated with the recharge water. There is little information about the nature of microeucaryotes in deep subsurface environments, but their presence at several sites indicates that further studies are warranted to determine the role(s) that these microorganisms may play. More generally, the studies presented here should provide the foundation for more systematic descriptions of these and other subsurface populations and hence better define their relationship to subsurface processes.
